The repair of phosphodiester bonds in nicked DNA is catalyzed by DNA ligases. Ligation is coupled to cleavage of a phosphoanhydride bond in a nucleotide cofactor resulting in a thermodynamically favorable process. A free energy value for phosphodiester bond formation was calculated using the reversibility of the T4 DNA ligase reaction. The relative number of DNA nicks to phosphodiester bonds in a circular plasmid DNA, formed during this reaction at fixed concentrations of ATP to AMP and PP i , was quantified. At 25°C, pH 7, the equilibrium constant (K eq ) for the ligation reaction is 3.89 x 10 4 M. This value corresponds to a standard free energy (∆G°') of -6.3 kcal mol -1 . By subtracting the known energy contribution due to hydrolysis of ATP to AMP and PP i , ∆G°' for the hydrolysis of a DNA phosphodiester bond is −5.3 kcal mol -1
INTRODUCTION
this non-equilibrium complex appeared to involve about 1% of the ligase molecules. Regardless, this effect should not affect the slope (C), which is being used to determine K eq . Using equation (2) , the value of C= To determine the ∆G°' value for hydrolysis of a phosphodiester bond, the following derivation was made. The ligase reaction,
(1) ATP + nicked bond <----> AMP + PP i + phosphodiester bond, is thermodynamically equivalent to the sum of a hydrolysis reaction (3) coupled to a condensation reaction (4):
The free energy for the T4 DNA ligase reaction (∆G (1) ) is thus the sum of the two component reactions,
where ∆G (3) and ∆G (4) are the free energy values for reactions 3 and 4, respectively. The equilibrium values of ∆G°' for DNA ligation and for phosphodiester bond hydrolysis are for randomly nicked DNA and are thus averaged over many sequence contexts. A second DNA with a different sequence was also examined, and it gave nearly identical values, confirming the generality of these average values. Although the DNA molecules were initially supercoiled, the equilibrium was between open circular (nicked) forms of the DNA and the non-supercoiled, resealed topoisomers, which had a roughly Gaussian distribution as expected (12). Thus, the energy of supercoiling is not included in the energies for DNA ligation or phosphodiester bond hydrolysis.
The value used for the standard free energy of hydrolysis of ATP to form AMP and PP i , was recently re-evaluated by Frey and Arabshahi (8). The value reported of -10.9 kcal mol -1 is significantly higher than the values of -7.7 to -8.4 kcal mol -1 listed in many biochemistry textbooks. Because the experimental evidence for this re-evaluation is sound, we have adopted it for our determination of the free energy of hydrolysis of the phosphodiester bond in DNA. As noted by Frey and Arabshahi (8), the higher free energy made available by cleavage of the α, β-phosphoanhydride bond of ATP, as compared with the energy from cleavage of the β, γ-phosphoanhydride bond, is put to use in certain metabolic reactions that require a larger chemical driving force. The DNA ligase reaction falls into this class.
The DNA polymerase and DNA ligase reactions are similar in that they both entail the formation of a phosphodiester bond at the expense of a phosphoanhydride bond. However, there are some thermodynamically important distinctions between the two reactions. In the polymerization reaction, a new nucleotide is incorporated into DNA, resulting in a loss of conformational mobility and the addition of a negatively charged group to the end of the DNA molecule. Conversely, the T4 DNA ligase repair reaction eliminates a negatively charged group from the site of the lesion. Hence, the polymerization reaction should be less favorable than the repair reaction based solely on ionic charge distribution. Indeed, the equilibrium constant for addition of a nucleotide to DNA in the reaction catalyzed by DNA polymerase is 99 at pH 7.0 and 25°C (13), resulting in a ∆G°' value of -2.7 kcal mol -1 . This value is less favorable than the overall free energy for the T4 DNA ligase reaction of -6.5 kcal mol -1 reported here. 
